Starvation or severe deprivation of nutrients, which is commonly seen in surgical patients, can result in catabolic changes in skeletal muscles, such as muscle atrophy. Therefore, it is important to elucidate the underlying molecular regulatory mechanisms during skeletal muscle atrophy. in the present study, muscular atrophy was induced by starvation and the results demonstrated that myosin heavy chain was decreased, whereas muscle RING finger protein 1 and atrogin-1 were increased, both in vitro and in vivo. The impact of starvation on the expression patterns of long non-coding rnas (lncrnas) and micrornas (mirnas) was next determined. The expression patterns of mir-23a, mir-206 and mir-27b in the starved mice exhibited similar trends as those in starved c2c12 cells in vitro, whereas the expression patterns of six other mirnas (mir-18a, mir-133a, mir-133b, mir-186, mir-1a and mir-29b) differed between the in vivo and the in vitro starvation models. The present study indicated that in vitro expression of the selected mirnas was not completely consistent with that in vivo. By contrast, lncrnas showed excellent consistency in their expression patterns in both the in vitro and in vivo starvation models; six of the lncrnas (atrolnc-1, long intergenic non-protein coding rna of muscle differentiation 1, Myolinc, lncrna myogenic differentiation 1, dum and muscle anabolic regulator 1) were significantly elevated in starved tissues and cells, while lnc-mg was significantly decreased, compared with the control groups. Thus, lncrnas involved in muscle atrophy have the potential to be developed as diagnostic tools.
Introduction
Starvation or severe deprivation of nutrients, which is commonly seen in surgical patients, can result in various adaptive and catabolic changes in skeletal muscles, such as muscle atrophy (1, 2) . except starvation and fasting, multiple physiological and pathological conditions, including immobilization, mechanical unloading, cancer and chronic disease, can also trigger muscle atrophy (3, 4) . our previous studies demonstrated that decreases in actin fiber size resulted in reduced expression of myogenin, and elevated expression of atrogin-1 induced by cobalt dichloride mimicking hypoxia, which subsequently led to skeletal muscle atrophy (5, 6) .
Muscle atrophy is usually accompanied by a decrease in skeletal muscle mass, an important prognostic indicator of many diseases. Patients with muscular atrophy often have increased morbidity and mortality (7) . decreased muscle protein synthesis accounts predominantly for skeletal muscle atrophy. There are several protective and therapeutic measures against muscular atrophy, such as intake of essential amino acids (8) , insulin-like growth factor (iGF)-i treatment (9) and anabolic androgenic steroids (10) ; however, these measures can cause increased drug resistance and cardiac events, limiting their therapeutic utility for the treatment of muscle atrophy (4, 11) . although major advances in our understanding of protein loss in muscle atrophy have been made recently (12) (13) (14) (15) , it is important to elucidate the underlying molecular regulatory mechanisms of dysfunctional muscle anabolism during skeletal muscle atrophy, in order to develop promising strategies to prevent and treat muscular atrophy.
long non-coding rnas (lncrnas) are a class of non-coding rnas >200 nucleotides in length that make up the majority of the transcriptome (16, 17) . lncrnas have emerged as significant regulators in multiple physiological and pathological processes. lncrnas have important roles in skeletal muscle differentiation, development and muscular atrophy (3, (18) (19) (20) (21) (22) (23) (24) through various mechanisms, such as competitive endogenous rna and cis-and trans-regulatory mechanisms (4, 17, 18, 20, 23, 25) . long intergenic non-protein coding rna muscle differentiation 1 (lincMd1) regulates the expression of mastermind like transcriptional coactivator 1 and myocyte enhancer factor 2c in the muscle differentiation program (18) . Myogenesis-associated lncrna (lnc-mg) regulates iGF-2, myosin heavy chain (MYHc), lactamase β and myogenic differentiation factor to control muscle differentiation and development (24, 26) . MYHc is a crucial component of myosin, which participates in the formation of the cytoskeleton and provides a force for muscular contraction. atrolnc-1 causes increased expression of muscle RING finger protein 1 (MURF1), leading to myofiber atrophy in mice with chronic kidney disease (3) . The abnormal expression of lncrnas can result in various pathologies, including cancer, and cardiac and muscle diseases (27, 28) . although mechanisms involving the obvious functions of lncRNAs continue to be identified, few studies have provided a comprehensive perspective of lncrnas in terms of their functions in skeletal muscle atrophy.
Micrornas (mirnas, ~22 nucleotides in length) constitute a class of highly conserved, small endogenous non-coding rna molecules that negatively regulate gene expression at the post-transcriptional level (29) (30) (31) (32) . Most mirnas are ubiquitously expressed. Some mirnas are mainly expressed in muscle but may also be observed at low levels in other tissues. These mirnas have important roles in muscle differentiation, development and atrophy (33) (34) (35) , and are predicted to participate in the regulatory networks of myogenesis, muscle fiber type composition, muscle growth and homeostasis (33) . The mirnas associated with muscle differentiation, development and muscular atrophy include mir-133a (36, 37) , mir-133b (38) , mir-206 (39, 40) , mir-186 (41), mir-23a (42, 43) , mir-27b (44), mir-29b (32), mir-1a (39) and mir-18a (45, 46) . mir-1 promotes myoblast differentiation and regeneration (36, 37, 39, 47) . mir-29b is required for loss of muscle mass in cases of dexamethasone, tumor necrosis factor-α and H 2 o 2 treatment-induced muscle atrophy (32) . Given the crucial roles of mirnas in muscle proliferation and differentiation, changes in their regulation, and their potential involvement in muscle atrophy during starvation, could be expected. changes in the expression of muscle development-associated mirnas in a disease state may induce muscle atrophy, however it is unclear whether these mirnas are causally involved in adaptive or compensatory responses to muscle atrophy (33) . lncrnas and mirnas are both non-coding rnas, of which mirnas have been extensively investigated in skeletal muscle development (32, 33, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . an increasing number of studies has demonstrated that lncrnas are also involved in skeletal muscle development (3, 18, (20) (21) (22) (23) . lncrnas and mirnas can mutually restrict muscle development. lncrna H19 modulates let-7 availability by acting as a molecular sponge. H19 depletion leads to accelerated muscle differentiation, indicating that this lncrna counteracts muscle differentiation (48) . lncrna Sirt1 antisense fully bound to sirtuin 1 mrna forms an rna duplex that promotes myoblast proliferation and inhibits differentiation by competing with mir-34a (49) . Few studies have provided a comprehensive perspective of lncrnas and mirnas in terms of their regulation of skeletal muscle atrophy. Therefore, the present study aimed to investigate the expression levels of regulatory lncrnas and mirnas in mice with muscular atrophy induced by starvation in vitro and in vivo.
in the present study, a serum starvation c2c12 cell model and a starved muscular atrophy mouse model were established, and analyzed by reverse transcription-quantitative Pcr (rT-qPcr), western blot analysis, immunofluorescence staining and hematoxylin and eosin (H&e) staining. Subsequently, lncrnas and mirnas associated with muscle differentiation or atrophy, whose expression trends in the muscle differentiation or atrophy models were consistent with the findings of previous studies (3, (18) (19) (20) (21) (22) (23) (24) 32, 33, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) , were selected to identify differences of regulatory non-coding RNA expression. The current findings indicated that lncRNAs showed similar expression trends in vitro and in vivo and may have great potential as a diagnostic tool.
Materials and methods
Cell culture. The mouse myoblast c2c12 cell line was purchased from the Stem cell Bank of the Type culture collection of the chinese academy of Sciences and cultured at 37˚C in 5% CO 2 and high-glucose Dulbecco's modified Eagle's medium (cat. no. 12100046; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% (v/v) fetal bovine serum (cat. no. SH30070.03; Hyclone; Ge Healthcare life Sciences). For myotube differentiation, c2c12 myoblasts were incubated in 12-well plates with 2% horse serum (cat. no. SH30074.03; Hyclone; Ge Healthcare life Sciences) for 72 h, according to previous studies (17, 50) . For starvation studies, the medium of the differentiated myotubes was replaced with serum-free medium for an additional 48 h (51).
Mouse strains and starvation-induced muscular atrophy model. Male c57Bl/6 mice (age, 6 weeks; weight, 20-22 g) were acquired from the animal laboratory of Sun Yat-sen university (Guangzhou, china). Mice were maintained under standard conditions of 22±2˚C at a relative humidity of 50-60% and housed under alternate 12 h dark/light cycle conditions. Mice were allowed free access to food and drinking water. all animal procedures were in accordance with the Suggestions for the care and use of laboratory animals of the Ministry of Science and Technology of the People's republic of china (52) . The study was approved by the ethics committee of Guangdong Second Provincial General Hospital (no. 2019-YJSWZ-001).
Following a seven-day acclimation period, the mice were randomly divided into two groups (n=6 mice per group): The starvation/fasting model group and the control group. The starvation/fasting-induced muscular atrophy model group was generated by giving mice access to drinking water for 48 h only, whereas the control group mice had access to food and drinking water. The humane endpoint used in the present study was body weight loss no more than 20%. The mice exhibited normal grooming and the total body weight loss was <20% when the mice were sacrificed. Mice were weighed and sacrificed by cervical dislocation under terminal anesthesia by inhalation of isoflurane, and tibialis anterior muscles were dissected, weighed and placed in 4% neutral formalin fixative solution for 24 h at 25˚C, or immediately snap frozen in liquid nitrogen before storing at -80˚C.
RNA extraction and RT-qPCR
Isolation of RNA from cultured C2C12 cells. For in vitro analyses, cell samples were washed with PBS before lysis in Trizol reagent (cat. no. 15596018; Thermo Fisher Scientific, Inc.). RNA extraction was performed according to the manufacturer's instructions.
Isolation of RNA from tibialis anterior muscles. Frozen tibialis anterior muscles were lysed in Trizol reagent (Thermo Fisher Scientific, Inc.) and homogenized with a tissue homogenizer (Shanghai Jingxin industrial development co., ltd.). rna extraction was performed as described above.
RT-qPCR. For mrna and lncrna detection, total rna
was reverse-transcribed into cdna using the PrimeScript rT Master mix (cat. no. rr036a; Takara Bio, inc.). For mirna detection, total rna was reverse-transcribed into cdna using the Mir-X™ mirna First-Strand Synthesis kit (cat. no. 638313; Takara Bio, inc.). The abundance of mrnas, lncrnas and mirnas was measured with SYBr-Green Mix (cat. no. rr820a; Takara Bio, inc.) on a Stepone Plus real-Time Pcr System (applied Biosystems; Thermo Fisher Scientific, Inc.). PCR for detecting mRNAs and lncRNAs was performed as follows: Denaturation at 95˚C for 30 sec, followed by 40 cycles of denaturation at 95˚C for 5 sec, annealing at 55˚C for 30 sec, and extension at 72˚C for 30 s. PCR for detecting mirnas was performed as follows: denaturation at 95˚C for 10 sec, followed by 40 cycles of denaturation at 95˚C for 5 sec, annealing and extension at 60˚C for 30 sec. mRNA and lncrna expression was normalized to that of 18S rna, and mirna expression was normalized to that of u6 using the 2 -ΔΔcq method (53) . a universal reverse primer, mrQ 3' Primer (cat. no. 638313; Takara Bio, inc.), was used for the all the mirnas. Primer sequences are listed in Tables i and ii. Immunofluorescence staining and myotube diameter measurements. Myotube diameter was analyzed by MYHc staining. Harvested cells were fixed with a 4% paraformaldehyde solution three times for 10 min at 25˚C, blocked with goat serum (cat. no. c0265; Beyotime institute of Biotechnology) for 1 h at 25˚C, and then incubated with mouse anti-MYHC primary antibody (1:80; cat. no. MaB4470; r&d Systems, Inc.) overnight at 4˚C. After removing the solution containing the primary antibody, cells were incubated with alexa Fluor 594-conjugated affiniPure Goat anti-Mouse igG (H+l; 1:100; cat. no. aS077; aBclonal Biotech co., ltd.) for 1 h. daPi (cat. no. KGa215; KeyGen Biotech co., ltd.) was used to stain nuclei. Images were acquired at magnification, x400 using a fluorescent Leica DMIL LED microscope (leica Microsystems GmbH). Fiber diameters were measured in randomly selected fields from three different wells of the control and three different wells of the serum-starved myotubes using imageJ software (v1.44P; national institutes of Health). Three diameters were measured per myotube, and 80 myotubes were measured per well.
H&E staining and determining the cross-sectional area (CSA) of muscle fibers. Muscles were placed in neutral formalin fixative solution for 24 h at 25˚C. To assess tissue morphology, tissues were embedded in paraffin, then 10 µm thick transverse sections of tibialis anterior muscles were stained with hematoxylin for 5 min and eosin for 1 min (both at 25˚C) and sealed with neutral balsam. after H&e staining, six Statistical analysis. GraphPad Prism 5.0 (GraphPad Software, inc.) was used to perform statistical analyses. Student's t-test was applied for the comparison of two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Establishment of the serum starvation C2C12 cell model in vitro. immunofluorescence staining results indicated that, under serum-starvation conditions, the diameter of starved c2c12 myotubes was thinner compared with control (regularly cultured) myotubes ( Fig. 1a and B) . The protein expression levels of MYHC were significantly decreased in starved myotubes compared with control myotubes (Fig. 1c) . an increase in the transcript and protein expression levels of MurF1 and atrogin-1 were also detected in starved myotubes, by rT-qPcr and western blot analysis respectively ( Fig. 1d and e ). These results suggested that starvation-induced muscle atrophy was successfully established in c2c12 myotubes.
lncRNA expression patterns in atrophic C2C12 cells. The levels of various lncrnas associated with muscle development were detected in order to identify differences in regulatory lncrna expression between control and serum-starved c2c12 cells by rT-qPcr. lncrnas whose altered expression in the starvation model was consistent with previous studies were selected for subsequent investigation (3, (18) (19) (20) (21) (22) (23) (24) . it was revealed that seven lncrnas matched these criteria. Six of these lncrnas [atrolnc-1, lincMd1, Myolinc, lncMyod, dum and muscle anabolic regulator 1 (MAR1)] exhibited significantly increased levels in starved c2c12 cells compared with control c2c12 cells ( Fig. 2A-F) . By contrast, significantly lower lnc-mg levels were observed in starved c2c12 myotubes ( Fig. 2G ). in the differentiated starved model, the expression levels of lincMd1, Myolinc, lncMyod, dum, Mar1, lnc-mg and atrolnc-1 were significantly different compared with control C2C12, suggesting that these lncrnas were involved in skeletal muscle differentiation (lincMd1, Myolinc, lncMyod, dum, Mar1 and lnc-mg) and atrophy (atrolnc-1) under starvation conditions. miRNA expression patterns in atrophic C2C12 cells. as with the lncrnas, the levels of various mirnas associated with muscle development were detected in order to identify differences in regulatory mirna expression between control and serum-starved c2c12 cells by rT-qPcr; mirnas with expression trends consistent with previous literature (32, 33, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) were selected for further experiments. it was revealed that nine miRNAs matched these criteria. In starved C2C12 cells, five of the mirnas (mir-133a, mir-133b, mir-206, mir-186 and mir-23a) exhibited no significant change in expression levels (Fig. 3A-E) . Four mirnas showed different levels of expression between control and serum-starved c2c12 cells. mir-27b and mir-29b expression ( Fig. 3F and G) was significantly decreased in starved c2c12 cells; however, mir-1a and mir-18a expression levels were significantly higher ( Fig. 3H and I) .
Establishment of a muscular atrophic mouse model induced by starvation in vivo.
The ratio of tibial anterior muscle to body weight was decreased significantly in starved mice compared with normally fed control mice (Fig. 4a ). H&e staining revealed that the cSa of mouse tibialis anterior muscles was significantly decreased following food deprivation for 48 h (Fig. 4B and c) . The protein expression levels of MYHc were decreased in starved mouse tibialis anterior muscles compared with control mouse muscles (Fig. 4d) . additionally, the transcript and protein expression levels of MurF1 and atrogin-1 were increased in starved tibialis anterior muscles compared with control mouse muscles ( Fig. 4e and F) . These results indicated that starvation induced muscle atrophy in mice.
lncRNA expression patterns during mouse starvation. The expression levels of the seven lncrnas that were selected in the present study were detected in the tibialis anterior muscles of the starved and control mice by rT-qPcr. Six of the lncrnas (atrolnc-1, lincMd1, Myolinc, lncMyod, dum and MAR1) exhibited significantly higher levels in starved tibialis anterior muscles compared with control muscles (Fig. 5A-F) . Significantly lower lnc-mg levels were observed in starved tibialis anterior muscles (Fig. 5G ). The differences in the expression levels of the seven lncrnas in starved mice reflected the patterns of differentiated serum-starved c2c12 cells in vitro. The significantly differential expression of lncrnas between control and starved mice indicated that these lncrnas are associated with skeletal muscle proliferation, differentiation and atrophy under starvation conditions. miRNA expression patterns during mouse starvation. in starved mouse tibialis anterior muscles, three mirnas (mir-206, mir-23a and mir-18a) showed no significant change in expression levels (Fig. 6c, e and i) . Six mirnas (mir-133a, mir-133b, mir-186, mir-27b and mir-1a) showed significantly decreased levels of expression, following starvation in mice (Fig. 6a, B, d, F and H) . By contrast, the mir-29b expression levels (Fig. 6G ) were significantly higher in starved mice compared with control. The expression patterns of mir-23a, mir-206 and mir-27b in starved mice exhibited the same changes as those of the differentiated serum-starved c2c12 cells in vitro, whereas the expression patterns of the other six mirnas differed between the two starvation models.
Discussion
Muscular atrophy is beginning to be considered in the pathogenesis of many physiological and pathological conditions, such as starvation and severe deprivation of nutrients, muscle disuse, duchenne progressive muscular dystrophy, cancer and chronic disease. Therefore, it is important to elucidate the molecular regulatory mechanisms underlying dysfunctional muscle anabolism during skeletal muscle atrophy, and to develop strategies to prevent and treat muscular atrophy. isolation of muscles from mice revealed few vascular endothelial cells, lymphatic vessels and nerves among the muscle fibers. However, it is difficult at present to purify the skeletal muscle of mice from contamination with endothelial cells or other cell types due to the limitation of current technical tools. Based on other studies on lncrnas and mirnas in the skeletal muscle (19, 24, 32) , muscle samples were harvested directly without considering the effects of endothelial cells or any other cell types. Therefore, the entire tibialis anterior muscle was used to explore gene expression and the underlying molecular regulatory mechanisms of muscle dysfunctional metabolism.
Myotube diameter and MYHc intensity are closely associated with skeletal muscle function (54) . MYHc participates in the formation of the cytoskeleton and provides the force for muscles to contract normally. in the cell starvation model of the present study, cell myotube diameter was dramatically thinner and MYHC protein expression levels were significantly decreased. changes in myotube diameter and MYHc expression following starvation may indicate changes in muscle functions.
The present study analyzed the expression patterns of lncrnas and mirnas during starvation-induced muscular atrophy in vitro and in vivo. Several lncrnas, including lnc-mg, atrolnc-1, lincMd1, Myolinc, lncMyod, dum and Mar1 differed in their expression levels between control and atrophic muscles. lnc-mg (24, 26) , lincMd1 (18) and dum (22) regulate the expression of MYHc and have important roles in skeletal muscle cell differentiation and development. lnc-mg regulates iGF-2 to promote muscle differentiation and development, by functioning as a competitive endogenous rna for mir-125b (24) . in the muscular atrophic models (in vitro and in vivo) of the present study, lnc-mg and MYHc were both decreased. Thus, it is speculated that downregulated lnc-mg may serve an important role in starvation-induced muscular atrophy and could be positively associated with downregulated MYHc. The increased expression of lincMd1 and dum may be compensatory responses to atrophy. atrolnc-1 expression was significantly higher in the starvation-induced atrophic models (in vitro and in vivo). This result was consistent with the fact that atrolnc-1 is remarkably enhanced in atrophic muscles in atrophic mouse models of chronic kidney disease, starvation and cancer (3). atrolnc-1 interacts with the a20 binding inhibitor of nuclear factor κB-1 (nF-κB-1), promoting its activation and resulting in increased MurF1 (3). The high expression of atrolnc-1 observed in the present study further indicates that muscular atrophy occurred in starved cells and mice. lincMd1 regulates the expression of mastermind like transcriptional coactivator 1 and myocyte enhancer factor 2c to promote muscle differentiation by acting as a sponge for mir-133 and mir-135 (18) . The present demonstrated that lincMd1 expression levels significantly increased during muscular atrophy, during which myoblasts are required for differentiation and fusion in order to replace damaged myofibers. In addition, lincMD1 promotes the expression of human antigen r protein to consolidate the muscle regulatory factor mrnas (20, 55) . The expression levels of the other four lncrnas, Myolinc, lncMyod, dum and Mar1, were all elevated under atrophic conditions, which may be explained by the fact that myoblasts are required for differentiation and fusion, in order to replace damaged myofibers under atrophic conditions.
The expression patterns of mir-206, mir-23a and mir-27b in starved mice exhibited the same changes as those in differentiated serum-starved c2c12 cells in vitro, whereas the expression patterns of the other six mirnas differed between the two starvation models. mir-23a and miR-206 exhibited no significant change in expression levels, indicating that their roles in starvation-induced skeletal muscle atrophy may be minimal. mir-27b promotes muscle differentiation and inhibits proliferation by inhibiting Myod family inhibitor (MdFi) expression (44) . MdFi functions as a negative regulator of muscle growth by inhibiting muscle hypertrophy (56) . However, miR-27b expression was significantly decreased in the starvation-induced atrophic models, possibly because differentiation was decreased under atrophic conditions. mir-29b expression in the starvation-induced atrophic mouse model was significantly higher than in control mice, consistent with a study that demonstrated that mir-29b was elevated in an in vivo atrophy model (32) . However, the expression of mir-29b in serum-starved c2c12 myotubes in vitro was significantly reduced compared to control myotubes, which was not consistent with our in vivo atrophy model; the role of mir-29b in primary myoblasts therefore remains unclear, which was a limitation of the present study, and the reasons for this phenomenon remain to be determined.
The seven lncrnas selected exhibited the same expression trends in the in vivo and in vitro starved models. among the nine mirnas selected, three mirnas showed consistent change in trends in the two models, whereas six mirnas showed inconsistent change. Therefore, the consistency of lncrna expression was superior; the inconsistent changes in the trends of mirnas in the two starved models require further investigation.
in conclusion, the present study analyzed the expression patterns of lncrnas and mirnas in starvation/fasting-induced muscular atrophy models. The current findings indicated that lncrnas had similar expression changes in vitro and in vivo. The present results provided a novel insight into the lncrnas involved in muscle atrophy and suggested that they may serve as potential diagnostic tools. a follow-up investigation is required to better understand the roles of lncrnas in muscle atrophy.
